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Epsilon subunitNatranaerobius thermophilus is an unusual anaerobic extremophile, it is halophilic and alkalithermophilic;
growing optimally at 3.3–3.9 MNa+, pH50 °C 9.5 and 53 °C. TheATPaseofN. thermophiluswas characterized at the
biochemical level to ascertain its role in life under hypersaline, alkaline, thermal conditions. The partially puriﬁed
enzyme (10-fold puriﬁcation) displayed the typical subunit pattern for F-type ATPases, with a 5-subunit F1
portion and 3-subunit-FO portion. ATP hydrolysis by the puriﬁed ATPase was stimulated almost 4-fold by low
concentrations of Na+ (5 mM); hydrolysis activitywas inhibited by higher Na+ concentrations. Partially puriﬁed
ATPase was alkaliphilic and thermophilic, showing maximal hydrolysis at 47 °C and the alkaline pH50 °C of 9.3.
ATP hydrolysis was sensitive to the F-type ATPase inhibitor N,N′-dicylohexylcarbodiimide and exhibited
inhibition by both free Mg2+ and free ATP. ATP synthesis by inverted membrane vesicles proceeded slowly and
was driven by a Na+-ion gradient that was sensitive to the Na+-ionophoremonensin. Analysis of the atp operon
showed the presence of the Na+-binding motif in the c subunit (Q33, E66, T67, T68, Y71), and a complete,
untruncated ε subunit; suggesting that ATP hydrolysis by the enzyme is regulated. Based on these properties, the
F1FO-ATPase of N. thermophilus is a Na+-translocating ATPase used primarily for expelling cytoplasmic Na+ that
accumulates inside cells ofN. thermophilusduring alkaline stress. In support of this theory are thepresenceof the c
subunit Na+-bindingmotif and the low rates of ATP synthesis observed. The complete ε subunit is hypothesized
to control excessive ATP hydrolysis and preserve intracellular Na+ needed by electrogenic cation/proton
antiporters crucial for cytoplasmic acidiﬁcation in the obligately alkaliphilic N. thermophilus.olyacrylamide gel electropho-
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Extremophilic microorganisms are excellent models for the study
of novel physiologies. The majority of studies so far have focused on
extremophiles growing at just one environmental extreme, such as
high salinity, acid/alkaline pH or high temperature. Even though
microorganisms that survive and grow optimally at two extremes (e.g.
alkalithermophiles, acidothermophiles) are well documented [1–8],
bacteria growing under three environmental extremes are much less
studied.
Halophilic alkalithermophiles are poly-extremophiles which are
halophilic (optimal growth at Na+ concentrations greater than 1.5 M),
alkaliphilic (optimal growth at pH greater than 8.5) and thermophilic
(optimal growth at temperature greater than 50 °C) [9]. The anaerobic
taxa of halophilic alkalithermophiles isolated thus far represent aseparate order within the Firmicutes, order Natranaerobiales [10]. The
high pH and temperature optima/maxima for growth distinguish them
from other halophilic anaerobes within the Firmicutes, as well as other
halophiles within the proteobacteria [11].
Halophilic alkalithermophiles are confronted with a number of
physiological and bioenergetic problems due to their extreme growth
conditions. Alkaliphiles must be able to acidify their cytoplasm in order
to preserve structural integrity of proteins. However, growth at high
temperature and high salt concentrations makes the cell membrane
more permeable to H+ and, to a lesser extent, Na+ [12]. Increased
membrane proton permeability will counteract the cells' cytoplasmic
acidiﬁcation mechanisms which are critical for survival at alkaline pH.
Increased membrane Na+ permeability will result in increased
cytoplasmic Na+ leading to Na+ toxicity (in halophiles growing at
concentrations greater than 1.5 M Na+, Na+ toxicity occurs when cells
cannot maintain an intracellular Na+ concentration signiﬁcantly lower
than the extracellular concentration [13]).
Natranaerobius thermophilus is an anaerobic, non-motile chemoor-
ganotroph that grows optimally with a doubling time of 3.5 h at Na+
concentrationsbetween3.3 and3.9 M, pH55 °C 9.51 anda temperatureofndicates the temperature at which the pH was measured and the
ated. See Wiegel [15] and Mesbah and Wiegel [14] for details.
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with the bioenergetic problems outlined above. Recently, we have
shown that N. thermophilus is capable of cytoplasmic acidiﬁcation,
maintaining an unusual transmembrane pH gradient of 1 unit (acidin)
throughout the entire pH range for growth [16].N. thermophilususes two
different mechanisms for cytoplasmic acidiﬁcation under conditions of
high salinity and temperature; at extracellular pH values at and below
the optimum, cytoplasm acidiﬁcation is achieved by a large group of
electrogenic Na+(K+)/H+ antiporters which translocate Na+ or K+ in
the exchange for H+ at the expense of the transmembrane electro-
chemical potential [16]. As the extracellular pH rises, energy-dependent
antiport ceases, and intracellular acidiﬁcation is achieved by physio-
chemical forces (cytoplasmic buffering) [16]. It was hypothesized that
the membrane bound ATPase of N. thermophilus is geared in the
hydrolysis direction where it plays a role in establishing a chemical
gradient of Na+ ions, and is potentially not used for ATP synthesis
[16,17].
The F1FO-ATP synthase is a multisubunit enzyme complex found in
the cytoplasmic membranes of bacteria, inner membranes of mitochon-
dria and in thylakoid membranes of chloroplasts [18]. The ATP synthase
complex catalyzes the synthesis of ATP from ADP and inorganic
phosphate, utilizing the transmembrane chemiosmotic energy of either
a proton or Na+ gradient [19,20]. Reversibly, it hydrolyzes ATP to ADP
and inorganic phosphate, which is coupled to pumping of protons (or
Na+ ions) from the cytoplasm to the outside of the cell [20,21]. The ATP
synthase is thus a reversible molecular machine that consists of a
membrane-embedded proton-conducting portion FO and a protruding
F1 portion in which ATP is either synthesized or hydrolyzed. Both the FO
and F1 portions are rotary motors and they are connected to each other
by a common rotary shaft. Extracellular protons (or Na+ ions) ﬂow
through the FO portion thereby rotating the shaft which in turn induces
conformational changes in the F1 portion resulting in ATP synthesis. ATP
hydrolysis, on the other hand, causes reverse rotation of the shaft that
forces protons (or Na+ ions) to ﬂow in the reverse direction to the
outside of the cell [18,22]. ATP hydrolysis is a vitally importantprocess in
anaerobic bacteria which lack amembrane-embedded respiratory chain
to generate a proton or sodiummotive force. In some cases of ﬁrmicutes,
proton pumping activitywas coupledwith intracellular pH homeostasis,
though themechanismbywhich theATPaseenzymesenses intracellular
pH is unknown [23].
In this manuscript, we report on the biochemical and molecular
characterization of the F1FO-ATPase of the halophilic, alkalithermophilic
N. thermophilus and discuss its role in the physiology of growth under
hypersaline, alkaline and thermal conditions. The ﬁndings support our
initial hypothesis that the F-type ATPase in N. thermophilus functions
primarily as a Na+-ion pump, expelling cytoplasmic Na+ at the expense
of ATP. Very low levels of ATP synthesis were observed, suggesting that
the enzyme is not used primarily for ATP synthesis. The complete,
untruncated ε subunit of theF-typeATPasecouldplaya role in regulating
ATP hydrolysis by the F-type ATPase, i.e. regulation that is crucial to
prevent wasteful ATP hydrolysis and to avoid interference with the
functioning of electrogenic Na+(K+)/H+ antiporters required for
cytoplasmic acidiﬁcation.
2. Materials and methods
2.1. Bacterial culture conditions
N. thermophilus strain JW/NM-WN-LFT (=DSM18059T=ATCC BAA-
1307T) was grown anaerobically at 53 °C in carbonate-buffered medium
which contained, in g L−1: KH2PO4, 0.2, MgCl2, 0.1, KCl, 0.2, NH4Cl, 0.5,
NaCl, 100, Na2CO3, 68, NaHCO3, 38, cysteine.HCl, 0.7, yeast extract, 5,
tryptone, 5, pyruvate, 2.5 trace element solution, 1 mL [24], and vitamin
solution, 10 mL [25]. The pH55 °C was adjusted to 9.5 (equivalent to
pH25 °C 10.5)withanaerobic5 NHCl.Growthwasmonitoredby following
OD at 600 nm and by microscopical examination. Where applicable,metabolic inhibitorswere dissolved in ethanol and added to the culture at
early exponential growth phase.
2.2. Preparation of inverted membrane vesicles
Typically, 10 g of frozen cells from N. thermophilus was washed
twice with 50 mM Tris.HCl buffer (pH55 °C 8.3). The cells were then
resuspended in 20 mL of membrane buffer (50 mM Tris.HCl [pH55 °C
8.3], 200 mMKCl, 10% vol/vol glycerol, 1 mMDTT, 2 mMMgCl2, 1 mM
phenylmethylsulfonyl ﬂuoride). The cell suspension was treated with
20 mg/mL lysozyme for 30 min at room temperature with constant
stirring. DNase I (5 mg) and 15 mM (ﬁnal concentration) MgCl2 were
added and mixed for an additional 15 min. The following steps were
performed at 4 °C: cells were disrupted by passage 4 times through a
precooled French pressure cell at 15,000 psi. Unbroken cell material
and cell debris were removed by two low speed centrifugations
(6000×g for 20 min), and membranes were collected by centrifuga-
tion at 180,000×g for 1 h. Membranes were washed in membrane
buffer and centrifuged as described above. Washed membranes were
resuspended in 1 mL of membrane buffer/gram of original cells used.
The ﬁnal protein concentration was 10–20 mg/mL.
2.3. Solubilization and puriﬁcation of F1FO-ATPase
Prior to solubilization, membranes were suspended in membrane
buffer containing sodium cholate (1% w/v) and incubated at room
temperature for 1 hwith constant stirring. Incubation of themembranes
with cholate resulted in a decrease in speciﬁc activity. However, as
evidenced by SDS-PAGE, it resulted in removal of several contaminating
proteins. The suspensionwas centrifuged at 180,000×g for 1 h to collect
the membranes. To solubilize the ATPase, the washed membrane pellet
was resuspended in membrane buffer containing 1.5% Triton-X-100.
After incubation at room temperature for 1 h with constant stirring,
insoluble material was removed by centrifugation at 150,000×g for
45 min. Solubilized membrane proteins in the supernatant were
supplemented with 50 mM MgCl2, and contaminating proteins were
precipitated with 6% PEG 6000 for 20 min as described previously [26].
Precipitated proteins were removed by centrifugation at 39,000×g for
20 min. To precipitate the ATPase, 14% (ﬁnal concentration) of PEG 6000
was added to the supernatant. The precipitate was collected by
centrifugation as described above, and the pellet was resuspended in
10 mM Tris.HCl (pH25 °C 8.5) containing 15 mM MgCl2 to a protein
concentration of approximately 1.5 mg/mL. ATPase preparations were
immediately frozen at −80 °C where they remained stable for at least
6 weeks. The purity of protein preparations were routinely analyzed by
14% SDS-PAGE using the Laemmli gel method [27]. Polypeptide bands
were visualized by silver staining [28]. Protein concentrations were
determinedusing thebicinchoninic acid assayusing chicken egg albumin
as a standard.
2.4. Reconstitution of puriﬁed F1FO-ATPase
A suspension of 40 mg phosphatidylcholine (type II S Sigma) was
suspended in 1 mL of Tricine-KOH (pH25 °C 8.0), 2 mM MgCl2 and
1 mM DTT. To prepare the solution for reconstitution, the suspension
was sonicated 3 times for 30 s on ice with a tip sonicator at 40 W. The
suspension was left to cool on ice for 1 h. Then, puriﬁed ATPase
protein was added to obtain a ﬁnal protein to lipid ratio of 150–200:1
(wt:wt). The detergent to lipid ratio was optimized by titrating the
liposomes with Triton-X-100, and following solubilization at OD540 as
described by Knol et al. [29]. We used 3.0% Triton-X-100 in order to
favor the insertion of the ATPase protein with the F1 subunit facing
outward. Following addition of Triton-X-100, the mix was left on ice
for 20 min, and then was stirred gently at room temperature for
45 min. Triton-X-100 was slowly removed by adsorption to Bio-Beads
(BioRad). Consecutive aliquots of 60 mg, 60 mg and 120 mg were
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Fig. 1. Subunits of the puriﬁed F1FO-ATPase. ATPase protein was solubilized from
membrane vesicles of N. thermophilus with Triton-X-100 and precipitated with PEG
6000 as described in Materials andmethods. Subunits were analyzed by 14% SDS-PAGE.
Molecular weight markers are indicated on the right. 3 μg of protein was loaded into
each well, and proteins were visualized by silver staining. Identiﬁcation of bands was
based on comparison of molecular weight with a protein molecular weight marker.
Unidentiﬁed bands are indicated with an (*).
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proteoliposomes were collected by ultracentrifugation at 180,000×g
for 1 h. The supernatant was removed and the pellet was resuspended
in 10 mM Tricine-KOH (pH25 °C 8.0), 2 mM MgCl2. Under these
conditions, approximately 65% of the ATPase was incorporated into
the proteoliposomes with the F1 accessible as determined by ATP
hydrolysis assays. Proteoliposomes were used immediately for ATP
hydrolysis or synthesis determinations, and they remained stable for
up to 2 h under experimental conditions used. Precautions taken to
reduce endogenous Na+ included the use of acid-washed glassware
and plastic ware that were rinsed at least 5 times with double-
distilled water and the use of analytical grade reagents with low Na+
content. The pH of all buffers was adjusted with potassium hydroxide.
The concentration of Na+ associated with proteoliposomes and
reaction buffers wasmeasured by inductive-coupled plasma-emission
spectrometry at the University of Georgia's Chemical Analysis Lab. The
contamination concentration of Na+ was between 30 and 50 μM,
about a thousand-fold less than the measured intracellular Na+
concentration of N. thermophilus.
2.5. ATP hydrolysis determination and ATP synthesis measurements
ATP hydrolysis was assayed bymonitoring the release of Pi using the
phosphomolybdate assay [30]. The assay solution (0.3 mL ﬁnal volume)
contained 50mM Tris.HCl (pH50 °C 9.3), 2 mM MgCl2, 0.05% Triton-X-
100, and 5 mM Tris ATP (Sigma). The pH proﬁle of the puriﬁed ATPase
was determined using a three buffer system consisting of 50 mMMES-
MOPS-Tris. The amount of non-speciﬁc Pi released during the reaction
was corrected for, and linearity of the assay was conﬁrmed over time
(1 h), under all experimental conditionsused.Oneunit ofATPaseactivity
was deﬁned as the amount of enzyme that liberated 1 μmol of Pi per
minute at 45 °C, pH50 °C 9.3. The standard ATP regenerating assay [2] for
assay of ATP hydrolysis could not be used due to the alkaline conditions
and high temperature required for ATPase activity. For all experiments,
thevalues reported are themeanof at least 3 separate experiments using
independent protein preparations.
ATP synthesis in inverted membrane vesicles was determined via
the standard luciferin–luciferase system, monitoring the light emitted
with a chemiluminometer (Turner Biosystems Modulus Single Tube
Multimode Reader). The ATP synthesis reactionwas carried out at 45 °C
in a 400 μL volume containing 20 μL of inverted membrane vesicles,
10 mMTricine-KOH (pH25 °C 8.5), 2 mMMgCl2, 5 mMKH2PO4 215 mM
KCl and 2.5 mMADP. The invertedmembrane vesicleswere prepared as
described above, but resuspended inmembrane bufferwithout KCl. The
synthesis reaction was started by addition of 2 μM valinomycin to
induce a K+-diffusion potential of 100 mV as calculated by the Nernst
equation: Δψ=61×log10 (K+out/K+in). To load inverted membrane
vesicles with Na+, vesicles were incubated in Tris buffer (pH25 °C 8.5)
containing100 mMNa+andwere incubatedat4 °Covernight. To create
a sodium motive force of 100 mV (61×log10 [Na+]out/[Na+]in), Na+-
loaded vesicles were diluted 40-fold into 10 mM Tricine.KOH (pH25 °C
8.5), 2 mM MgCl2, 5 mM KH2PO4 and 2.5 mM ADP. To additionally
impose a Δψ (100 mV) in the presence of a ΔpNa+, 200 mM KCl and
valinomycin were added to the dilution buffer. Samples (50 μL) were
withdrawn every 30 s and the reaction was stopped by diluting the
sample in 400 μL stop buffer containing 50 mMTris supplementedwith
1% trichloroacetic acid and 2 mMEDTA. Sampleswere diluted 10-fold in
ultrapure water, and the luciferase reaction was initiated by adding
25 μL of luciferin–luciferase mix to 50 μL of diluted sample in 400 μL of
synthesis buffer containing 50 mM Tris-acetate (pH25 °C 7.8), 2 mM
EDTA and 50mMMgCl2.
2.6. Genome sequencing and identiﬁcation of the atp operon
The genome of N. thermophilus strain JW/NM-WN-LFT was
sequenced by the random shot-gun method (see www.jgi.doe.gov fordetails of library construction and sequencing). Complete predicted
protein sequences were searched against a curated set of proteins with
family assignment for similarity to known or putative membrane
proteins and against a non-redundant general protein database using a
semiautomated pipeline [31]. Manual annotation for ﬁnal assignments
was based on the number of hits to the transporter database,maximum,
minimum, and average BLAST E values and cluster of orthologous group
(COG) assignments.
2.7. Nucleotide sequence accession number
The GenBank accession number for the genome sequence of
N. thermophilus is NC_010718.
3. Results
3.1. Analysis of the atp operon of N. thermophilus
Eight open reading frames were identiﬁed in silico as being parts of
the atp operon of N. thermophilus. These genes were organized in the
order atpCDGAHFEB and encode the N. thermophilus ATP synthase
subunits ε, β, γ, α, δ, b, c, and a subunits respectively. The calculated
molecular masses of the eight subunits, as estimated from the protein
sequence, were as follows: 15.8 kDa (ε subunit), 48.5 kDa (β subunit),
34.4 kDa (γ subunit), 55.9 kDa (α subunit), 20.7 kDa (δ subunit),
19.2 kDa (b subunit), 26.8 kDa (c subunit) and 24.2 kDa (a subunit).
Thesemolecularmasses correspondedwellwith the sizes obtained from
thepuriﬁed complex (Fig. 1). Genomeanalysis indicated thepresence of
a hetero-oligomeric c ring, with an 8.4 kDa FO-like c subunit with two
transmembrane helices, and an 18 kDa Vo-like c-subunit, with four
transmembrane helices and only one ion-binding site in the second
transmembrane helix [32]. The 8.4 kDa subunit was not replicated
anywhere in the genome.
Manual annotation showed that the atpI gene, a ninth gene that
commonly precedes the atp operon in bacterial genomes, was not
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not highly conserved across species and in some instances e.g.
Lactobacillus acidophilus, it is absent entirely [21,33].
The amino acid sequences for theα,β,γ, δ, and ε subunitswere highly
conserved (95, 99, 97, 97, 92% query coverage) when compared to
corresponding subunits from other Bacteria, including the alkalithermo-
philic Clostridium paradoxum, and the anaerobic Acetobacterium woodii,
Propionigeniummodestum, Ilyobacter tartaricus,Clostridiumacetobutylicum
and Clostridium pasteuranium [2,26,34–36]. The molecular masses of the
subunits corresponded well with those of other bacteria. While the β-
subunit is slightly smaller thanβ-subunitsof otherbacteria (48.5 kDa), it is
similar in length to the predicted β-subunits of the anaerobic alkaliphiles,
Alkaliphilus oremlandii, and Alkaliphilus metalliredigens (49 kDa). The a, b,
and c subunits were slightly less conserved (90, 93, 80% query coverage)
than the subunits of the F1 portion.
Several motifs and residues in the conserved subunits were
recognized. The α-subunit contained the consensus nucleotide-binding
domainWalkermotif A (170GDRGTGKS177), and theβ-subunit contained
theWalker motif B (173GGAGVGKT180) [37,38]. The C-terminal of the β-
subunit contained the conserved acidic γ-subunit-interacting sequence
called the DELSEEDmotif (405DELSDED411 inN. thermophilus) [39]. In the
FO-like c-subunit, the polar loop (46RQPD49) that connects the two
hydrophobic α-helices is present. In addition, the conserved DCCD-
binding aspartate residue (E66) in the center of the second transmem-
branehelix is present [40]. Furthermore, the sequence signature reported
to be present in the binding sites of Na+-dependent c-subunits (Q33, E66,
T67, T68, Y71) was present in the c-subunit of the N. thermophilus F-type
ATPase (Fig. 2A) [41,42]. Thr68 has been described as being distinctive of
the sodium-dependent ATPases, where it is replaced by a hydrophobic
amino acid in proton-coupled ATPases [41]. The ATPase operon also
contains a Vo-like c-subunit with four transmembrane helices and only
one ion-binding site in the second transmembrane helix. This ion-
binding site had the same signature sequence reported to be present in
Na+-dependent subunits (Q46, E80, T81, S82, F85) (Fig. 2B). A hetero-
oligomeric c-ringhas been reported in the F-typeATPaseofA.woodii [32],
where it was expected to impact the functional properties of the enzyme
through enhancing the propensity for ATP hydrolysis [43]A
B
Fig. 2. Alignment of the c subunits ofN. thermophiluswith other anaerobes. (A) Alignment of
involved in Na+-binding are highlighted in gray. The location of the N-terminal and C-term
Clostridium paradoxum (QOZS24), Acetobacterium woodii (U10505), Propionigenium modestu
Moorella thermoacetica (U64318), Clostridium pasteuranium (AF283808), and Escherichia coli
Acetobacterium woodii. Transmembrane helices are highlighted in gray. Residues involved iDetermination of the fold of the ε subunit from Escherichia coli by
nuclear magnetic resonance showed that two-thirds of the N-terminal
protein (residues 1 to 86) is folded in a 10-strandedβ sandwichwith the
C-terminal third (residues 91 to 138) as an antiparallel two α-helix
hairpin [44]. Alignment of the ε subunit of the N. thermophilus ATPase
with those from other bacteria showed that, unlike F1FO-ATPase from
the alkalithermophile C. paradoxum and the anaerobes C. pasteuranium
and Thermotoga maritima, it had a complete, untruncated C-terminal
domain (Fig. 3).3.2. Puriﬁcation and subunit composition of the F1FO-ATPase from
N. thermophilus
ATPase enzyme was solubilized from cholate-washed membranes
of N. thermophilus with 1.5% Triton-X-100 and was precipitated with
PEG 6000 as described in Materials and methods and summarized in
Table 1. Overall, 1.3 mg of ATPase protein was obtained from 10 g
(wet weight) of cells with a speciﬁc activity of 15 U/mg of protein,
about 10 fold higher than the speciﬁc activity measured in N.
thermophilusmembranes. Although washing with 1% cholate resulted
in a decrease in detected ATPase activity, it reduced the amount of
contaminating proteins associated with the membranes, as was
evident by SDS-PAGE. Triton-X-100 solubilization of cholate-washed
membranes led to an apparent decrease in the ATPase activity (from
7.7 U to 1.7 U), but this was due to inhibition of the enzyme by the
concentration of the detergent that was used for solubilization (1.5%
vol/vol, data not shown). Other detergents' ability (e.g. n-dodecyl-β-
D-maltoside) to solubilize the ATPasewas examined. However, Triton-
X-100 proved to be the most effective at solubilization and
puriﬁcation, as there were a lower amount of contaminating proteins.
SDS-PAGE of the partially puriﬁed enzyme revealed the typical
subunit pattern of an F1FO-ATPase (Fig. 1, Table 2 [18,19]), with ﬁve F1
subunits (α, β, γ, δ and ε), and three FO subunits (a, b and c). Three
contaminating polypeptides were observed, migrating at approxi-
mately 35 kDa, 22 kDa and 10 kDa. These subunits could not be
removed by precipitation with different concentrations of PEG.N.thermophilus
C. paradoxum
A. woodii
P. modestum
I. tartaricus
C. acetobutylicum
M. thermoacetica
C. pasteuranium
E. coli
N.thermophilus
A. woodii
N.thermophilus
A. woodii
the 8 kDa FO-like c subunit. The cytoplasmic loop region is highlighted in black. Residues
inal helices of the c-subunit is highlighted in black. Accession numbers are as follows:
m (X53960), Ilyobacter tartaricus (AF522463), Clostridium acetobutylicum (AF101055),
(J01594). (B) Alignment of the 18 kDa Vo-like c-subunit of N. thermophilus with that of
n Na+-binding are highlighted in black.
N.thermophilus 
C. paradoxum
C. pasteuranium
C. cellulolyticum
T. maritima 
S. wolfei 
C. carboxidivorans
A. oremlandii 
T. tengcongensis
H. orenii
C. hydrogenoformas 
M. thermoacetica 
Bacillus sp.TA2.A1 
B. pseudofirmus 
B. halodurans 
G. thermodenitrificans 
E. coli
N-terminal C-terminal
Fig. 3. Alignment of the ε subunit of N. thermophiluswith those of other anaerobic and aerobic extremophiles. The N-terminal segment (residues 1–86, E. coli numbering) and the C-
terminal domain (residues 91–138) are indicated. Accession numbers are as follows: Clostridium paradoxum (ABB13427), Clostridium pasteuranium (AF283808), Clostridium
cellulolyticum (YP_002504640), Thermotoga maritima (Q9X1U5), Syntrophomonas wolfei (YP_755041), Clostridium carboxidivorans (ZP_05392743), Alkaliphilus oremlandii
(YP_001514086), Thermanaerobacter tencongensis (NP_622302),Halothermothrix orenii (YP_002509523), Carboxydothermus hydrogenoformans (YP_361337),Moorella thermoacetica
(AAB51467), Bacillus sp. TA2.A1 (2QE7), Bacillus pseudoﬁrmus (YP_003426319), Bacillus halodurans (NP_244620), Geobacillus thermodenitriﬁcans (YP_001127387), and Escherichia
coli (P0A6E6).
Table 2
Predicted and observed subunit sizes of the F1FO-ATPase from N. thermophilus.
Unidentiﬁed bands observed on the gel are included.
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The properties of the puriﬁed ATPase were examined by monitoring
the release of inorganic phosphate using the phosphomolybdate assay at
45 °C in 50 mM Tris.HCl (pH50 °C 9.3). The enzyme displayed a
temperature proﬁle of a moderately thermophilic bacterium, with
maximal observed activity (in the presence of 0.05% vol/vol Triton-X-
100 detergent) at 47 °C, no hydrolysis was observed at 28 °C or below
(Fig. 4A). In linewith the temperature growth proﬁle of N. thermophilus,
ATP hydrolysis was greatly reduced (from 27 U/mg to 9 U/mg) at
temperatures beyond54 °C (near themaximum temperature for growth
of N. thermophilus), but the ATPase remained active with a speciﬁc
activity of 9 U/mg at 58 °C (Fig. 4A).
The maximal observed ATP hydrolysis activity as a function of pH
closelymimicked thepHgrowthproﬁle ofN. thermophilus,withmaximal
activity at pH50 °C9.3, nohydrolysiswas observed at pH50 °C 7.5 or below,
or pH50 °C 10.0 or above (Fig. 4B).
The calculation of mathematically derived Km, Vmax and turnover
rates are regarded as notmeaningful for the purpose of this publication,
because the puriﬁed ATPase preparation contained some inactive
enzymes (based on changes in speciﬁc activity during puriﬁcation).
The enzyme is a solubilized membrane-bound enzyme, and, in contrast
to many other F-type ATPases, saturation curves for the true substrate
(Mg.ATP complex) as well as for Mg2+ and ATP were non-linear. Thus,Table 1
Puriﬁcation of F1FO-ATPase from N. thermophilus.a
Step Protein
(mg)
Activity
(U)b
Speciﬁc activity
(U/mg)
Puriﬁcation
(fold)
Yield
(%)
Membrane vesicles 11.5 17.3 1.5 1 100
Cholate-washed vesicles 7 7.7 1.1 0.73 45
Triton-X-100 (1.5%)
solubilization
2.8 1.7 0.6 0.4 10
PEG 6000 precipitation 1.3 19.5 15 10 113
a The starting material consisted of 10 g (wet weight) of cells, and values reported
are the averages of three independent preparations.
b ATPase activity was measured by measuring the release of inorganic phosphate,
and one ATPase unit is equivalent to 1 μmol of Pi per minute at 45 °C, pH50 °C 9.3.at this time, the obtained kinetics will be only used for qualitative
characterization.
The highest observed ATP hydrolysis activity was seen when the
ATP:Mg ratio was maintained at 3.1:1 (Fig. 5A). Higher Mg2+ or higher
ATP concentrations yielded lower activities. This ratio was used for
obtaining the saturation curve for the true substrate (Mg–ATPcomplex).
At this ratio, the optimal observed ATP concentration for hydrolysis was
12.5 mM (Fig. 5B), almost three times the ATP concentration measured
in exponentially growing cells of N. thermophilus. This saturation curve
was non-linear thereby indicating inhibition by elevated concentrations
of both free ATP and free Mg2+, which are present in concentrations
consistentwith theKdiss for theMg–ATP complex and thus they increase
with increasing the substrate (ATP-Mg) concentration. Thus, a higher
ratio of ATP to Mg2+ is necessary to reduce the inhibitory effect of free
Mg2+ according to the association/dissociation equilibrium of the
complex.
To substantiate the inhibitory effect of the free ligands, saturation
curves for Mg2+ (varied ligand) in the presence of various concentra-
tions of ATP (ﬁxed varied ligand) were obtained and the data replottedSubunit Predicted size
(kDa)a
Observed size
(kDa)
ε 15.8 16.0
β 52.2 50.0
γ 34.4 30.0
α 55.9 55.0
δ 20.7 20.0
b 19.2 18.0
c 26.8 28.0
a 24.2 25.0
Unidentiﬁed
A 35
B 22
C 10
a Sizes were predicted using the Compute pI/Mw tool at www.expasy.org.
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Fig. 4. Biochemical properties of puriﬁed F1FO-ATPase. (A) Effect of temperature (♦) on
ATP hydrolysis activity. Effect of external temperature on growth of N. thermophilus (□)
is included for comparison. (B) Effect of pH50 °C (●) on ATP hydrolysis activity. Effect of
external pH50 °C on growth of N. thermophilus (□) is shown. The ATP:Mg2+ ratio was
maintained at 3.1:1. Approximately 30 μg of ATPase protein was present in the assays.
Values shown are the mean of three independent measurements; the standard error
associated with the measurements is shown.
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Fig. 5. Kinetics of the partially puriﬁed F1FO-ATPase. (A) Effect of different ATP:Mg
ratios on ATP hydrolysis. (B) Effect of ATP concentration on ATP hydrolysis. ATP:Mg
ratio was maintained at 3.1:1. (C) Effect of Mg2+ concentration (varied ligand) on ATP
hydrolysis activity at different ATP (ﬁxed varied ligand) concentrations. (D) Effect of
MgCl2 on ATP hydrolysis activity. ATP hydrolysis was measured by determining the
release of Pi at 45 °C.
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Mg ratio of about 3:1, where the ATP concentrationwas 7.5 mMand the
Mg2+ concentration 2.4 mM (Fig. 5C). The Mg2+ ion concentration
which supported maximal observed hydrolysis activity was 2.5 mM
(Fig. 5D). An equimolar concentration of Ca2+ could not substitute for
Mg2+ in catalyzing ATP hydrolysis activity. The same procedure was
doneusing ATP as the varied ligand andMg2+ as theﬁxed varied ligand.
In both cases, replots clearly show that free Mg2+ and free ATP cause
inhibition.
Inhibition by the product of the hydrolysis reaction, Mg-ADP (at
concentrations used during the assays), was not observed because the
enzyme reaction was linear over the assay time under all experimental
conditions. Higher concentrations added to the assay were not tested.
Depending on the afﬁnity of the ATPase for Mg-ADP, a persistent
occupation of the catalytic site of the β-subunit by Mg-ADP could
prevent further catalytic turnover of ATP hydrolysis, i.e. product
inhibition [20].
3.4. The F1FO-ATPase is stimulated by Na
+ ions
It has been reported that F1FO-ATPases capable of translocating Na+
ions show a stimulation of their hydrolysis activity in the presence of
concentrations of Na+ ions as small as 500 μM [2,26,35,36]. The F1FO-
ATPase ofN. thermophiluswasstimulated4-fold in thepresence of 5 mM
Na+ at pH50 °C 9.3 (Fig. 6). The endogenous Na+ concentration,
measured by inductive-coupled plasma-emission spectrometry was
30–50 μM.TheNa+ ion concentration required formaximal activitywas5 mM. Higher concentrations of Na+ led to inhibition of the ATPase
activity (Fig. 6). Stimulation of the F1FO-ATPase by Na+ at different
pH50 °C values (pH50 °C 8.0, 8.5, 9.0, 9.5) was also 4-fold (data not
shown). Due to non-linear kinetics, the Na+ concentration required for
half-maximal stimulation of the F-typeATPase fromN. thermophiluswas
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Fig. 6. Stimulation of the N. thermophilus F1FO-ATPase by NaCl. The ATPase assays were
performed in the presence of 50 mM Tris.HCl (pH50 °C 9.0) and at the indicated
concentration of NaCl. Approximately 30 μg of ATPase protein was present in the assays.
Values shown are the mean of three independent measurements; the standard error
associated with the measurements is shown.
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Fig. 7. Effect of DCCD on ATPase of N. thermophilus. (A) Puriﬁed ATPase protein (40 μg)
was incubated at room temperature with increasing concentrations of DCCD for 20 min,
and then ATPase activity was determined. (B) Puriﬁed ATPase was incubated with
200 μM of DCCD, and ATPase activity was determined on a sample at the indicated
times. (C) Effect of pH on DCCD inhibition. Puriﬁed ATPase was incubated in 50 mM
Tris.HCl adjusted to either pH50 °C 8.5 (●), 9.0 (◊), or 9.7 (▲), in the presence of 200 μM
DCCD. All assays shown in panels A–C were performed in the presence of 5 mM NaCl.
The control sample (□) contained an equivalent amount of ethanol and did not contain
DCCD. ATPase activity was assayed at the times indicated. Approximately 30 μg of
ATPase protein was present in the assays. Values shown are the mean of three
independent measurements; the standard error associated with the measurements is
shown.
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Potassium (1, 2, 5, 10, 25 mM) could not substitute for Na+ (data not
shown).
To further corroborate the above data, the effect of Na+ on proton
transport in inverted membrane vesicles of N. thermophilus was
examined. A property of Na+-translocating ATPases is their ability to
transport H+ (coupledwith ATPhydrolysis), at pH values below that pH
for themaximal observed activity, and the presence of Na+ inhibits this
proton transport [46]. At pH50 °C 8.3, 50 μMof Na+ inhibited quenching
of the ﬂuorescent dye 9-aminoacridine, indicating that the F-type
ATPase was unable to pump protons into the vesicle (data not shown).
3.5. Inhibition of F1FO-ATPase activity by DCCD
A characteristic of F-type ATPases is their speciﬁc inhibition by the
inhibitor DCCD [47]. This is due to binding of DCCD to a highly
conserved carboxyl residue (E61) in the c subunit located in the center
of the cytoplasmic membrane [40,48]. When the puriﬁed ATPase of N.
thermophilus was incubated in the presence of increasing concentra-
tions of DCCD, a concentration as high as 200 μM resulted in 58%
inhibition of ATP hydrolysis activity (Fig. 7A). This is in contrast to
experiments conducted with whole cells of N. thermophilus, where as
little as 50 μMof DCCD resulted in complete growth arrest. Incubation
with 200 μM of DCCD resulted in rapid arrest of ATP hydrolysis within
5 min (Fig. 7B). It was not possible to assess the effect of DCCD on ATP
hydrolysis in inverted membrane vesicles of N. thermophilus due to
ATP hydrolysis by other membrane proteins. However, ATP depen-
dent quenching of the ﬂuorescent signal of 9-aminoacridine with N.
thermophilus inverted membrane vesicles (at pH 8.3) was completely
abolished in the presence of 10 μM of DCCD. This indicates that the
enzyme is inhibited by DCCD. The partial arrest in ATP hydrolysis
activity in the presence of DCCD indicated that the enzyme remained
partly coupled during the puriﬁcation procedure.
Protection from DCCD inhibition in a pH-dependent manner has
been reported for the ATP synthases from P. modestum, A. woodii, I.
tartaricus and C. paradoxum [2,49–51]. When the ATPase from N.
thermophilus was incubated at pH50 °C 9.7 in the presence of 5 mM
NaCl and 200 μM DCCD, the rate of inhibition of ATPase activity was
retarded for approximately 5 min; after 20 min of incubation ATPase
activity was reduced to 37% of the original activity, similar to that
observed when incubated at pH50 °C 9.0 (Fig. 7C). Addition of different
concentrations of Na+ (1, 5, 7, 10, 15, 25, and 50 mM) did not offer
any protection from DCCD, and resulted in more inhibition of ATPase
activity (up to 80% inhibition, data not shown). This is presumably due
to inhibition of the enzyme by high Na+ concentrations.3.6. ATP synthesis by the F1FO-ATPase of N. thermophilus
Initial experiments to study vectorial ion transport by the F1FO-
ATPase of N. thermophilus attempted to reconstitute the puriﬁed
ATPase into proteoliposomes. Despite successful reconstitution of the
ATPase, as evidenced by detection of ATP hydrolysis and visualization
of ATPase subunit bands by SDS-PAGE, no ATP synthesis could be
detected. As a result, ATP synthesis was examined in inverted
membrane vesicles prepared from cells of N. thermophilus.
ATP synthesis in inverted membrane vesicles of N. thermophilus
proceeded at a rate of 3.8 nmol/mg protein/min both in presence and
absence of a valinomycin-induced potassium diffusion potential (ΔΨ,
100 mV) (Fig. 8A). The ΔpH across the membrane under these
experimental conditions was 1 unit, similar to that in cells of N.
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Fig. 8. ATP synthesis in N. thermophilus membrane vesicles. (A) ATP synthesis in
inverted membrane vesicles was energized by a valinomycin-induced potassium
diffusion potential (ΔΨ) (100 mV) applied in the absence of a sodiummotive force (■).
□, No valinomycin was added. ◊, Effect of DCCD (50 μM) on ATP synthesis in the
presence of a ΔΨ. ○, Effect of CCCP (25 μM) on ATP synthesis in the presence of a ΔΨ.
(B) ATP synthesis in inverted membrane vesicles driven by a sodium motive force
(100 mV) in the presence (■) and absence (♦) of a ΔΨ. (C) Effect of monensin (50 μM)
(□), DCCD (50 μM) (◊) and CCCP (25 μM) (○) on ATP synthesis of inverted membrane
vesicles in the presence of a sodium motive force (100 mV). All inhibitors were
preincubated with the inverted membrane vesicles for 10 min prior to beginning the
ATP synthesis assay. The values reported for all experiments are the mean of three
independent determinations, and the standard error of the values is shown.
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200, 250, and 300 mV) did not signiﬁcantly change the synthesis rate.
The very low rate of ATP synthesis was completely inhibited in the
presence of CCCP (25 μM), but only showed 25% inhibition in the
presence of DCCD (50 μM) (Fig. 8A). Addition of higher concentrations
of DCCD (100, 150 and 200 μM) did not induce greater inhibition. ATP
synthesis also occurred in the presence of a sodium motive force in
both the presence and absence of a valinomycin-induced potassium
diffusion potential, though the presence of a ΔΨ had a slight
inhibitory effect (Fig. 8B). Synthesis proceeded at a very low rate of2.7 nmol/mg protein/min, and was sensitive to the sodium ionophore
monensin (50 μM), in addition to the ATPase inhibitor DCCD and the
protonophore CCCP (50 μM, 50 μM, and 25 μM respectively) (Fig. 8C).
The inhibitory effect of DCCD was increased in the presence of a
sodium motive force (Fig. 8C). CCCP (25 μM) completely abolished
ATP synthesis, whether in the presence of a valinomycin-induced
membrane potential, sodium motive force or both. ATP synthesis in
the absence of a potassium diffusion potential and sodium motive
force in addition to inhibition by CCCP suggests that the ΔpH across
the membrane plays a role in driving synthesis of ATP.
4. Discussion
The poly-extremophile N. thermophilus is a prototype for robust
growth under the combined extremes of high salt concentration,
alkaline pH and elevated temperature under anaerobic conditions.
Biochemical and molecular characterization of the membrane-bound
ATPase of this bacterium was conducted to further the understanding
of the mechanisms enabling this extreme, tripartite lifestyle. The
results reveal that the ATPase of N. thermophilus is of the F-type, and
that it is Na+-coupled. The properties that deﬁne the enzyme as a
Na+-coupled F1FO-ATPase include (1) the 4-fold stimulation of ATP
hydrolysis activity in the presence of a small concentration of Na+
(5 mM), (2) the increase in the rate of ATP synthesis in the presence of
a sodium motive force that was sensitive to the Na+-ionophore
monensin, (3) growth of N. thermophilus is sensitive to the F-type
ATPase inhibitor DCCD, and incubation of the puriﬁed enzyme with
the carbodiimide resulted in almost 60% inhibition of ATP hydrolysis
activity, and (4) analysis of the sequence of the atp operon from N.
thermophilus showed that the enzyme harbored the conserved Na+-
binding motif in the membrane-bound c subunit (Q33, E66, T67, T68,
Y71).
The enzyme exhibited a number of interesting features, discussed
below:
1) Presence of the complete ε subunit
The ε subunit is proposed to play several roles in the F1FO-ATPase
complex. It plays a structural role, in the absence of this subunit,
the F1 portion of the enzyme fails to assemble onto the FO and
conformational changes in the γ subunit of the F1 portion are lost
when the ε is removed [44]. The C-terminal domain of the ε
subunit also functions to reduce uncoupled ATP hydrolysis activity.
Mutational analyses have shown that the C-terminal domain of the
ε subunit, comprising two α-helices, is required to inhibit the ATP
hydrolysis activity of the ATPase [52,53]. Based on the above
points, it is hypothesized that the complete ε subunit in the N.
thermophilus ATPase serves to regulate the enzyme so that there is
efﬁcient coupling between Na+ (or H+) translocation and ATP
hydrolysis.
Only a few ATPases from anaerobic thermophiles have been
characterized to date. The F-type ATPases of the alkalithermophile
C. paradoxum, and the anaerobes P. modestum, I. tartaricus and A.
woodii have been shown to be Na+-coupled [2,26,35,36]. Sequence
analysis showed that the ε subunits of the anaerobes C. paradoxum,
C. pasteuranium and T. maritima lack the C-terminal domain.
Ferguson et al. [2] and Das and Ljungdahl [34] proposed that the F-
type ATPases of C. paradoxum and C. pasteuranium (respectively)
are geared in the ATP hydrolysis direction and are potentially
never used for ATP synthesis. We propose a similar role for the
F1FO-ATPase of N. thermophilus, despite the presence of a complete
ε subunit. Evidence to substantiate this includes (a) the very low
rates of ATP synthesis measured in inverted membrane vesicles
that are insufﬁcient to sustain a growth with a doubling time of
3.3 h at 3.5 M Na+, pH55 °C 9.5 and 53 °C, and (b) physiological
characterization of N. thermophilus shows that it is an anaerobic
chemoorganotroph [10]. N. thermophilus shows very poor growth
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fermentable carbon sources and/or electron acceptors. N. thermo-
philus employs a mixed acid fermentation pathway with the bulk
of cellular ATP being produced by substrate level phosphorylation
through the activities of pyruvate kinase and acetate kinase [10]. It
is hypothesized that the C-terminal domain of the ε subunit in N.
thermophilus serves to control ATP hydrolysis by the ATPase
thereby regulate excessive consumption of ATP.
An additional role for the complete ε subunit could be to preserve
intracellular Na+. As shown previously, N. thermophilus harbors a
large group of Na+(K+)/H+ antiporters, which acidify the
cytoplasm of their obligately alkaliphilic host by expelling
cytoplasmic Na+ in exchange for H+ at the expense of the
electrochemical membrane potential [16]. Uncontrolled hydrolysis
by the Na+-translocating F1FO-ATPase would result in competition
for and decrease in the required concentration of the intracellular
Na+ substrate required by the Na+/H+ antiporters, which would
compromise the cells cytoplasmic acidiﬁcation mechanism and
subsequent cytoplasmic alkalinization and growth arrest.
2) Lack of complete protection from DCCD inhibition by Na+
ATP hydrolysis by the ATPase retained only 40% of its hydrolysis
activity in thepresenceof 200 μMDCCDandNa+concentrationsup to
50 mM, even at the alkaline pH of 9.7. A similar phenomenon has also
been reported for the Na+-coupled F-type ATPase of the strictly
anaerobic P. modestum [49]. The ATPase retained only 60% of its
hydrolysis activity in the presence of 5 mMNa+ and 200 μMDCCD at
pH 9.0, and retained only 40% of its activity in the presence of 50 mM
Na+ and 200 μM DCCD at pH 8.4 [49]. This is in contrast to the Na+-
coupled F-type ATPases from the anaerobic alkalithermophile C.
paradoxum and the anaerobic homoacetogenic A. woodii. The F-type
ATPase of A. woodii retained approximately 90% of its hydrolysis
activity in the presence of 100 μM DCCD and 10 mM Na+ at pH 7.5
[51], whereas the F-type ATPase of C. paradoxum retained greater
than 90% of its hydrolysis activity in the presence of 200 μM DCCD
and 1 mM Na+ at pH 9.0 [2].
A possible explanation for this observation is that DCCD acts by
interacting with the acidic glutamate or aspartate residue at position
65 (E. colinumbering) onlywhen it is in the protonated state,whereas
Na+ interacts with the residue onlywhen it is in a deprotonated state
[49,50]. It is possible that the pK of the carboxyl group of Asp66 is
shifted toward the acidic range within the hydrophobic environment
of the c-subunit. This will interfere with interaction with Na+ and
therefore result in an inhibition of hydrolysis. Large shifts in pKa
values of speciﬁc amino acids have been observed in many proteins,
such as those involved in electron transport [54], and in proteins
where charged amino acids are buried in the hydrophobic core [54].
Aspartic acid 76 of Ribonuclease T1 is buried deep in the enzymes
hydrophobic core, andwas shown tohave a pKa value less than 1 [55].
The charged carboxyl of Asp 76 contributed to the conformational
stability of RNase T1 when it is buried in the interior of the protein
[55]. Alternatively, it is possible thatDCCD interactswith the c-subunit
at site(s) different from Asp66. A detailed structural analysis of the
puriﬁed c-ring is required to corroborate these hypotheses, but is
beyond the scope of this publication.
3) Maximal ATP hydrolysis activity of the F1FO-ATPase at the alkaline
pH50 °C of 9.3
It has been reported that the F-type ATPase responds to
intracellular pH [23]. An intracellular pH of 9.3 in N. thermophilus
corresponds to an extracellular pH of 10.2 [16]. This implies that
ATP hydrolysis reaches a maximum level near the alkaline end of
the N. thermophilus growth curve where Na+-dependent electro-
genic antiport ceases and the intracellular Na+ concentration
increases from 8 mM (at extracellular pH55 °C 9.5) to 33 mM (at
extracellular pH55 °C 10.5) [16]. Increased hydrolysis by the Na+-
coupled ATPase under these conditions would be beneﬁcial, as it
would expel excess Na+ from the cytoplasm. Na+-pumping wouldalso generate a sodium motive force, which can drive other
physiological processes such as solute uptake. It is important to
note that inhibition of the ATPase by Na+ occurs only after the Na+
ion concentration exceeds 15 mM, which occurs well after the
onset of alkaline stress in N. thermophilus. Therefore, it is
hypothesized that increased ATP hydrolysis and Na+-pumping
occur as a preliminary defense mechanism at the beginning of
onset of alkaline stress in N. thermophilus, when the intracellular
pH rises and intracellular Na+ begins to increase.
4) Decrease in Na+-stimulation of activity from 4-fold to approximate-
ly 2-fold when the Na+ concentration rises above 15 mM
Activity of electrogenic cation/proton antiporters in N. thermophilus
also decreases in the same [Na+] range [16]. When incubated under
extreme alkaline conditions (pH50 °C 10.0), cells of N. thermophilus
growwith extended doubling times (15 versus 3.5 h at optimal pH),
do not reach OD600 values greater than 0.1 and quickly lose viability
on reaching stationary phase. The decrease in activity of the ATPase
and antiporters under these conditions could be the reasons why N.
thermophilus does not grow well nor stays viable for an extended
time at pH values greater than 10.3.
Alternatively, the decrease could be due to electrostatic interaction
between the FO rotor and F1 stator of the ATPase. A mathematical
model for the Na+-coupled F-type ATPase from the anaerobic P.
modestumpredicted anon-monotonic dependenceofATPhydrolysis
activity on the [Na+], where the rate of ATP hydrolysis increased
with increasing [Na+] reaching a maximum at ~20 mM. ATP
hydrolysis then decreased at higher [Na+] [56]. The mathematical
prediction was conﬁrmed by experiments [56]. The authors
concluded that the FO rotor does not work well at high [Na+],
since the stator charge necessary to dislodge the Na+ ion bound to
the rotor site is not in the correct position to do so [56].5. Conclusions
In conclusion, the data reported herein indicate that the F1FO-ATPase
of N. thermophilus is Na+-coupled and plays a role in growth at high salt
concentration and alkaline pH. The experimental data presented herein
suggests that theF1FO-ATPaseofN. thermophilus functionsprimarily in the
hydrolysis direction where it serves as a Na+-pump, expelling cytotoxic
Na+ fromthecytoplasm.Data supporting thishypothesis are thevery low
rates of ATP synthesis observed in inverted membrane vesicles, and
maximal observed ATP hydrolysis occurs at conditions when
N. thermophilus begins to experience increases in intracellular Na+. The
hydrolysis activity of the enzyme is probably regulated so as to not waste
valuable cytoplasmic ATP and to not interfere with Na+-dependent
antiport which is crucial for cytoplasmic acidiﬁcation in the obligately
alkaliphilicN. thermophilus. The complete ε subunitmight have additional
regulatory roles in the synthesis function of the enzyme. Further studies
aimed at the regulation of the enzyme are needed to ascertain these
possibilities.
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